Running head: Winter decreases in avian basal metabolism 2 Summary 1. Most small birds inhabiting temperate latitudes in the Holarctic increase basal metabolic rate (BMR) in winter, a pattern thought to reflect the up-regulation of metabolic machinery required for enhanced winter cold tolerance. In contrast, patterns of seasonal BMR variation in birds inhabiting subtropical latitudes are largely unknown. In this study, we investigate seasonal BMR changes in species from subtropical latitudes, and analyse global variation in the direction and magnitude of these responses.
Introduction
Phenotypic flexibility in traits that determine maintenance energy requirements has been predicted to be important in temporally heterogeneous environments where ecological conditions vary cyclically and/or unpredictably within an organism's life span (Pigliucci, 2001 , Piersma & Drent, 2003 , Tieleman, Williams, Buschur et al. 2003 . In birds, seasonal variation in basal metabolic rate (BMR), summit metabolism (M sum ) and other thermoregulatory parameters is well documented (Swanson & Liknes, 2006 , Liknes, Scott & Swanson, 2002 , Cooper & Swanson, 1994 , Maddocks & Geiser, 2000 , Dawson, 2003 , Dawson & Marsh, 1988 . However, our current understanding of the functional significance of these changes in free-living birds is based primarily on data from small species inhabiting high northern latitudes, typically above 40°N (West, 1972 , Cooper & Swanson, 1994 , Liknes et al., 2002 , Swanson, 1990 , Swanson, 1991 , Swanson & Weinacht, 1997 reviewed by Swanson (in press) and McKechnie 2008).
In high-latitude Holarctic environments, where seasonal weather changes are pronounced and winters are often extremely cold, many birds respond to elevated thermoregulatory demands during winter by becoming more cold tolerant, a process often involving substantial increases in M sum (the maximum resting thermogenic metabolic rate) (Dawson & Marsh, 1988 , Liknes & Swanson, 1996 , Swanson & Liknes, 2006 . In most cases, seasonal metabolic changes also involve elevated winter BMR (i.e., the minimum metabolic rate of a resting, normothermic endotherm at thermoneutrality) (Liknes et al., 2002 , Swanson & Olmstead, 1999 . Winter BMR elevations have been shown in ~ 80% of acclimatization studies, and increases in BMR have been observed in nearly all studies involving short-term acclimation to low temperatures under laboratory conditions (McKechnie, Chetty & Lovegrove, 2007 , Vezina, Jalvingh, Dekinga et al., 2006 , Tieleman et al., 2003b , Williams & Tieleman, 2000 , Klaassen, Oltrogge & Trost, 2004 . In this study, we use the terms "acclimation" and 'acclimatization" to refer to responses to artificial and natural environments, respectively (Piersma & Drent, 2003) .
However, avian BMR is not always elevated during winter and a number of species exhibit seasonally stable BMR. A lack of significant seasonal BMR variation has been observed in some north-temperate species, such as house finches (Carpodacus mexicanus) and black-capped chickadees (Parus atricapillus) (Dawson, Marsh, Buttemer et al., 1983 , Rising & Hudson, 1974 , O'Connor, 1996 , as well as species from the southern subtropics, such as rufous-collared sparrows (Zonotrichia capensis) and whitebrowed scrubwrens (Sericornis frontalis) (Ambrose & Bradshaw, 1988 , Maldonado, Cavieres, Veloso et al., 2009 . Moreover, a reduced BMR during winter has been observed in Australian silver-eyes (Zosterops lateralis) and rock kestrels (Falco rupicolis) (Maddocks & Geiser, 2000 , Bush, Brown & Downs, 2008 . However, with the exception of these few studies, patterns of seasonal metabolic variation in species from sub-tropical and tropical latitudes remain largely unknown.
Global variation in the magnitude and direction of seasonal metabolic changes has received little attention, and the factors responsible for the variation highlighted above remain unclear. Interspecific variation in BMR is correlated with precipitation and temperature (Tieleman & Williams, 2000 , White, Blackburn, Martin et al., 2007 , Jetz, Freckleton & McKechnie, 2008 , raising the possibility that such climatic and environmental variables also influence seasonal patterns of phenotypic flexibility in BMR (Swanson, 1991 , Maddocks & Geiser, 2000 . In tropical and subtropical latitudes, for instance, the need for enhanced cold tolerance during winter is presumably less than at higher latitudes, and the direction and magnitude of seasonal BMR variation may therefore be expected to be different to the patterns observed in high-latitude Holarctic residents (Swanson, 1991 , Maddocks & Geiser, 2000 . Another factor potentially influencing seasonal patterns of BMR, and possibly responsible for the summer increases in BMR observed in some species, is changes in body composition associated with reproductive cycles and the metabolic costs of maintaining reproductive organs (Vézina & Williams, 2003 , 2005 .
If the costs associated with a high BMR (e.g., increased food requirements) exceed the benefits, we might expect BMR to be reduced to the lowest feasible level (i.e., adaptive modulation sensu Karasov, 1992) . The low overall BMR of desert birds, for instance, is thought to reflect the scarcity and unpredictability of food and water resources in xeric habitats (Tieleman & Williams, 2000 , Williams & Tieleman, 2005 . In environments where winter is associated with pronounced decreases in food availability, but not significant increases in thermoregulatory demands, one might expect seasonal BMR patterns to differ from those observed at higher latitudes, where prolonged periods of very cold weather demand elevated thermogenic capacity.
In this study, we investigated the magnitude and direction of seasonal BMR changes in five bird species that are resident year-round in the subtropical Kalahari Desert of southern Africa. The climate of the Kalahari region varies seasonally between cool and very dry winters, and summers with high daytime maxima temperatures and unpredictable rainfall (Lovegrove, 1993) . We conducted the study in a desert habitat since birds are likely to experience substantial fluctuations in food availability, as well as seasonal variation in environmental temperatures. We also present an analysis of global variation in the magnitude and direction of avian seasonal BMR changes. Withinindividual BMR variation has important implications for comparisons between observed and allometrically-predicted values (McKechnie, 2008) , and we evaluate our results in the context of recent studies that analysed patterns of avian metabolic scaling.
Materials and methods

Study site and animal capture
The study took place in Molopo Nature Reserve (MNR; 25° 47' S, 22° 56' E, ~ 1000 m a.s.l.) in the Northwest Province of South Africa, during June -August 2007 (austral winter) and distinguished on the basis of their vocal response to call playback (Hockey, et al., 2005) during trapping. We excluded any individuals that showed signs of breeding activity (e.g., abdominal brood patch or smear marks around beak from feeding chicks), in an effort to avoid obtaining data from reproductively active individuals. Each bird was ringed with an aluminium band for identification and kept individually in an indoor cage (0.125 m 3 ) constructed from shade cloth for a maximum of two days before experiments.
During this time they were fed mealworms ad libitum, but food was withheld for at least five hours prior to commencement of metabolic measurements to ensure postabsorptive conditions. All birds were released within 1-2 days of capture. With the exception of two African scops-owls that were trapped during both seasons, all the seasonal metabolic measurements represent different individuals.
Gas exchange measurements
Metabolic rate was estimated from measurements of oxygen consumption ( which temperature-controlled water was pumped (model ME circulator, Julabo Labortechnik, Seelbach, Germany). Air in the environmental chamber was mixed using a small electric fan. A perch was provided in each respirometry chamber, to permit normal sleeping postures above a stainless wire mesh screen, through which faeces dropped into a layer of mineral oil. Up to two respirometry chambers were placed in the environmental chamber at a time. Air temperature within each respirometry chamber was measured using a 21-gauge Cu-Cn thermocouple (IT-18, Physitemp, Clifton NJ) and a TC-1000 thermocouple meter (Sable Systems, Las Vegas, NV, USA).
Atmospheric air from outside the building was drawn through a filter (model F3000-8G, CKD Corporation, China) using an air pump (D7 SE, Charles Austen Pumps, Surrey, UK) and supplied to the respirometry chambers through Bev-A-Line tubing (Thermoplastic Processes Inc., Warren, NJ). The flow rate through each respirometry chamber was regulated using an FMA-series mass flow controller (Omega, Bridgeport, NJ, USA), calibrated using a 1 L soap bubble flow meter (Baker & Pouchot, 1983) . Flow rates of 1 -2 L min -1 were used throughout measurements, resulting in 99% equilibration times of 4 -9 min, calculated using the equation of Lasiewski, Acosta and Bernstein (1966) . We verified that these flow rates maintained the dewpoints of excurrent air well below the air temperatures in the field laboratory. Excurrent air from each respirometry chamber and a reference air supply (atmospheric air subsampled downstream of the filter and pump) was sequentially subsampled using a TR-RM8 Respirometry Multiplexer (Sable Systems). The CO 2 concentration of excurrent air was then measured using a LI-7000 CO 2 /H 2 O analyzer (Li-Cor, Lincoln, NE, USA). This analyser was regularly zeroed using nitrogen and spanned using a certified gas containing 1513 ppm CO 2 . (AFROX, South Africa). The air samples then left the CO 2 /H 2 O analyzer, and water vapour and CO 2 were scrubbed using a silica gel/soda lime/silica gel column before passing through a FC-10a oxygen analyzer (Sable Systems) to measure fractional O 2 concentration.
Baseline O 2 and CO 2 concentrations were obtained from the reference air for 15 minutes every hour. Outputs from these two gas analyzers and the thermocouple meter were digitized using a Universal Interface II (Sable Systems) and recorded on a personal computer using Expedata data acquisition software (Sable Systems), with a sampling interval of 15 s.
Body temperature measurements
To verify that birds remained normothermic during metabolic measurements, and to investigate the possibility of seasonal variation in thermoregulatory variables, body temperature (T b ) was measured during metabolic measurements using a lubricated finegauge Teflon-coated Cu-Cn thermocouple (IT-18, Physitemp, Clifton NJ). This was inserted cloacally to a depth at which a slight withdrawal did not result in a change in the reading (1-2 cm). The thermocouple was secured by attaching the wire to the feathers immediately behind the cloaca, using adhesive tape and a small wire paperclip.
Thermocouple outputs were digitized using a TC-1000 thermocouple meter (Sable Systems).
Experimental protocol
All measurements of gas exchange were obtained during the rest-phase of birds' circadian cycles in darkened chambers, and from individuals that could reasonably be expected to be postabsorptive, based on the time elapsed (≥ 5 hr) since capture or, in the case birds held in captivity the previous night, the removal of food from the holding cages. Measurements for the two owl species were carried out during the day, since both are mainly nocturnal, although
Pearl-spotted owlets are sometimes active during the day in winter. Measurements for the three diurnal passerines were obtained at night. Each bird was placed in a respirometry chamber within the environmental chamber approximately one hour before sunrise (nocturnal species) or sunset (diurnal species), at which time a cloacal thermocouple was inserted and secured. We ensured that the birds were perching calmly in the chambers, and then started recording To obtain a reliable estimate of BMR requires that metabolic rate is measured within the thermoneutral zone (TNZ). Thus, during each season the first two or three individuals of each species caught were subjected to a ramped T a profile during each test. An individual bird experienced at least three T a values, between 5° and 35°C, during a single measurement session, lasting no longer than 10 h. Least-squares linear regression models were fitted to metabolic rate and T a data, and the lower critical limit of thermoneutrality (T lc ) was estimated for each bird from the intercept of the regression line and the lowest observed metabolic rate.
Because of the small sample sizes for our T lc estimates, which were between 26° and 29°C for all five species, we conservatively measured BMR at a T a equivalent to 1-2°C higher than the estimated T lc of each species, in order to ensure that all measurements took place within the TNZ. & Wolf, 1995) . Gas exchange measurements were converted to metabolic rate (W) using the thermal equivalence data in table 4-2 in Withers (1992) . This approach assumes that only carbohydrates and lipids are metabolized, and a maximum error of 6% is associated with protein metabolism (Walsberg & Wolf, 1995) .
Data analyses
Seasonal data were analyzed separately for each species. We used analyses of variance We examined global variation in the magnitude and direction of avian seasonal BMR variation using winter/summer BMR ratios (ΔBMR) from the five species in this study and an additional 21 species from the literature (obtained from review by
McKechnie 2008 and several more recent studies) using only data that represented massspecific BMR after acclimatization ( were assumed to have a nucleotide distance between them of 0.56% (Gill, Mostrom & Mack, 1993) . All ΔBMR values were arcsine-transformed before analyses, whereas M b data were log 10 -transformed. For each species, latitude and climate data (Table 1) were obtained from either the original papers or from http://www.worldclimate.com using the data from the weather station nearest to the site of capture. We tested for effects of latitude, mean T a during the coldest month, mean daily minimum T a during the coldest month, and annual variation in T a (i.e., the difference between mean T a during the warmest and coldest months) on ΔBMR and M b using both conventional and phylogenetically independent multiple regressions, following Lovegrove (2003) . Since latitude and climate variables are intercorrelated, we used a correlation matrix to identify multicollinearity between these factors. All the climatic variables were significantly correlated with each other, as well as with latitude, and we subsequently included only a single environmental parameter in any one multiple regression model for ΔBMR ratios and M b .
Independent contrasts for ΔBMR and M b were calculated using PDTREE (Garland, Harvey & Ives, 1992) . Transformation of branch lengths was performed using
Grafen's transformation (rho = 0.25), confirming homogeneity of variances among contrasts (Garland et al., 1992) . We verified that passerines and non-passerines showed no obvious trends between independent contrasts and the square root of the sum of their branch lengths, which may indicate heterogeneous rates of character evolution between these clades. Regressions of independent contrasts for ΔBMR and M b were then performed on independent contrasts of latitude and climate data, calculated using a star phylogeny (i.e., all tips radiating from a common ancestor using equal branch lengths), which produces estimates of correlations identical to conventional species data (Lovegrove, 2003 , Wolf, Garland & Griffith, 2001 , Purvis & Garland, 1993 .
Results
Body mass
Significant changes in seasonal M b were observed only in African scops-owls (Table 2) , with the mean M b of the winter sample 12% lower than in summer.
Body temperature
All birds remained normothermic during metabolic measurements and none of the study species showed any seasonal changes in T b (Table 2) , although we did not obtain sufficient T b data from the two owl species during metabolic measurements to perform statistical analysis.
Basal metabolic rate
Whole-animal BMR was significantly lower in winter than in summer in all species expect pearl-spotted owlets (Table 2) . Mass-specific BMR was significantly lower in winter than in summer in all five species, with mean reductions of 23% in African scopsowls, 30% in pearl-spotted owlets, 35% on fork-tailed drongos, 29% in crimson-breasted shrikes, and 17% in white-browed sparrow-weavers (Table 2 , Fig. 2 ). The magnitude of seasonal variation in whole-animal BMR was generally consistent with mass-specific BMR changes (Table 2 ). In the African scops-owls, however, the winter BMR reductions were largely explained by the 12% reduction in M b that occurred during winter (Fig. 2) , and whole-animal BMR did not differ significantly between seasons after correcting for M b (ANCOVA, F 1,11 = 2.100, P = 0.175). In all five species, both summer and winter BMR were lower than the values predicted for wild-caught birds, but consistent with predictions for desert birds (Table 3) Global variation in seasonal BMR changes A significant phylogenetic signal was found for M b , but not for ΔBMR (Table 4) .
In both conventional and PI multiple-regression analyses, M b was not significantly related to ΔBMR, whereas ΔBMR was significantly related to all temperature variables and latitude in both conventional and PI regression analyses (Table 5 , Fig. 3 ). Species inhabiting subtropical regions where mean daily temperatures during the coldest month of the year are above 0°C tended to have lower winter than summer BMR, whereas the opposite was true for species inhabiting colder, high-latitude regions (Fig. 3) . There was no significant difference in ΔBMR between hemispheres after accounting for M b and latitudinal variation (ANCOVA, F 1,27 = 2.240, P = 0.148).
Discussion
We have shown that BMR is lower in winter than during summer in free-living birds from two orders and four families in the Kalahari Desert, suggesting that such a pattern 
2008).
The functional significance of BMR changes following winter acclimatization remains unclear (Liknes et al., 2002) . Thus far, seasonal BMR variation has been explained using the "energy demand hypothesis" (Williams & Tieleman, 2000 , Tieleman et al., 2003b , based on the notion that seasonal variation in support costs are needed to sustain the higher energy demand of nutritional organs and thermogenically active tissues during colder winter periods (Liknes et al., 2002) . In the present study, however, the coldest period of the year did not elicit higher maintenance energy demands. The processes responsible for the absence of winter BMR increases remain unclear, but one possibility is that the need for large winter metabolic changes, such as the elevations in M sum associated with enhanced cold tolerance (Liknes et al., 2002) , are unnecessary for species resident in the Kalahari. The coldest T a that our study species experienced (~ −7°C) is considerably higher than the winter temperatures birds typically experience at high latitudes in the Holarctic (frequently T a < −30°C). For instance, the metabolic rates we observed in African scops-owls below their TNZ (B. Smit & A.E. McKechnie, unpublished data) suggest that their metabolic rate at the minimum T a recorded during the study would be 2.5 -3 X BMR, compared to 3 -8 X BMR recorded for north-temperate birds under more severe cold exposure (Dutenhoffer & Swanson, 1996 , Saarela, Klapper & Heldmaier, 1995 , Marsh & Dawson, 1989 . Moreover, our study species at MNR only experienced sub-zero T a for a few hours each night, with daytime T a typically above 20°C. The comparatively mild winter temperatures, together with reduced food availability and the general absence of breeding activity (Hockey et al., 2005) , may combine to make reductions in BMR more feasible than in very cold environments at higher latitudes. Whereas the prolonged periods of extremely cold weather experienced by north-temperate species place increased thermogenic demands on organs and tissues responsible for nutrient uptake, processing and delivery, these seasonal elevations in demand for metabolic heat production are in all likelihood reduced or absent entirely in species at lower latitudes.
In small mammals, seasonal changes in BMR are often attributable to seasonal variation in M b (Lovegrove, 2005) . In the present study, neither the three passerine species nor Pearl-spotted owlets exhibited any significant seasonal changes in M b , suggesting that their mass-specific BMR changes were largely the result of changes in body composition and/or the metabolic intensity of specific organs. On the other hand, the seasonal patterns of M b in African scops-owls were consistent with the Dehnel effect observed in many small mammals, where winter M b reductions are thought to be related to reduced metabolic costs (Lovegrove, 2005 , Mezhzherin, 1964 .
Our summer metabolic measurements took place outside of the peak egg-laying periods for the five study species, and we avoided, as far as possible, measuring BMR in individuals that were reproductively active. We are thus confident that the elevated summer BMRs we observed did not represent direct metabolic costs of reproduction, such as egg synthesis. However, factors such as an overall increase in thyroid activity, stress hormone levels and/or changes in organ masses during the breeding season can result in increased metabolic rate (Siegel, 1980 , Wingfield & Farner, 1993 , Vézina & Williams, 2003 , 2005 . Factors related to reproduction, which in desert birds is often directly related to rainfall (Maclean 1996) , may well have influenced the seasonal patterns of BMR we observed, since unusually wet conditions occurred at MNR during our summer study period. , although a number of species held under captive conditions also showed winter reductions in BMR even when food was provided ad libitum (Weathers & Caccamise, 1978 , Maddocks & Geiser, 2000 , Bush et al., 2008 . In the latter studies, the weather conditions experienced by captive individuals were similar to those that would have been experienced by free-ranging individuals in natural habitats, although the monk parakeets in Weathers and Caccamise's (1978) study originated from a feral and not a natural population.
Our analysis of environmental correlates of the magnitude and direction of avian seasonal BMR variation reveals strong correlations with latitude and winter climate variables. Mid-winter temperatures, in particular, explained most of the variation (60%)
in the conventional analysis of seasonal BMR changes (Table 5) . At lower latitudes, where winters are milder and seasonal changes in temperature are less pronounced, birds tend to have a seasonally stable or reduced winter BMR (Fig. 3A,B) . The global pattern of a negative relationship between winter BMR and winter temperatures implies that birds requiring seasonal enhancements in thermogenic capacity experience concomitant increases in maintenance costs. However, the current lack of data from lower latitudes in the northern Hemisphere and higher latitudes in the southern Hemisphere means that any conclusions regarding correlations with latitude and/or temperature, or the existence of 8.573 ± 1.347 (7) 7.097 ± 0.636 (6)* F 1,11 = 6.884 .024 * = significant difference (ANOVA) a = no significant difference after controlling for the effects of body mass using an ANCOVA. 
Figure legends
Fig. 1. Phylogeny of 26 avian species in which seasonal adjustments in mass-specific basal metabolic rate have been investigated, constructed using the phylogenetic data from the five species in this study and an additional 21 species from the literature ( Table 1 ).
The total height of the phylogeny from the base node to the branch tips is 28 ΔT 50 H units (Sibley & Ahlquist, 1990) . Table 5 for statistics). Northern Hemisphere Southern Hemisphere
